Microfabrication of a 3 x 3 micro-plasmajet array with ultra-violet lasers and their thrust performance tests were conducted for nozzle elements with exit height of 0.5 mm and length of 1 mm. To evaluate the thrust characteristics of the nozzle-array, its thrust performance was compared with a single-nozzle. The thrust was measured by a calibrated cantilever-type thrust stand in vacuum. From the thrust performance tests, significant improvement of the thrust of each nozzle element with mass flow was obtained with the nozzle-arrays than those of only using a single-nozzle through multi-jet interaction phenomena.
Introduction
The progress of micromachining techniques such as micro-mechanical machining systems and microelectromechanical systems (MEMS) has brought space engineering fields another good chance to challenge new innovative dreams [1] [2] [3] [4] . One of the examples is that these techniques have enabled fabrication of various elements and parts of high-functional microspacecraft systems. Currently it has become possible for a combined fleet of the microspacecraft orbiting the earth to perform critical and highly complex tasks with various high-functional electronic-and mechanical-devices. Capable microspacecraft with distributed functionality are envisioned to take over the tasks of more massive and expensive platforms with increased survivability and flexibility.
Authors have been conducting investigations on small-sized very low-power arcjets, or plasmajet, of less than 10 watts for discharge characteristics 5) , thermal characteristics of discharging plasmas [6] [7] [8] [9] [10] [11] , and correlations of these characteristics with thrust performance [12] [13] [14] . Moreover, authors have conducted microfabrication of micro-arcjets with ultra-violet lasers, and developed rectangular DC micro-arcjets of various sizes operated under 5 watts [13] [14] [15] . The rectangular micro-nozzle was machined in a 1.2 mm thick quartz plate. Sizes of the nozzle exit were 0.44 mm in height and 0.1 mm in constrictor height. For an anode, a thin Au film (~ 100 nm thick) was coated by physical vapor deposition in vacuum on a divergent part of the nozzle. As for a cathode, an Au film was also coated on inner wall surface. In operational tests, a stable discharge was observed for mass flow of 0.4 mg/sec, input power of 4 watts, as shown in Fig.1 .
In addition, thrust performance tests were conducted for various nozzles with different exit heights (0.4 to 0.8 mm), or area ratios, for a fixed nozzle length and various lengths of divergent part 14) . From the results, nozzles with larger exit height and longer divergent part showed higher thrusts and specific impulses. It was also shown that variations of the background pressure in the vacuum chamber, in which the thruster were tested, relatively affected on thrust performance as much as nozzle sizes [14] [15] .
Photographs of plasma plumes exhausted from the micro-arcjet, or micro-plasmajet, operated under different background pressures are shown in Fig.1 . As shown in these images, the tendency of under-expansion is stronger and a plasma plume is expanded to radial direction in lower background pressure. In this case, axial components of velocity vectors of the exhaust jet contributing to the thrust must be suppressed.
To suppress the expansion of the exhaust jet, the effect of multi-jet interaction exhausted from the multi-nozzle jet array was investigated in this study. First of all, an investigation of microfabrication characteristics of the micro nozzle array with UV lasers was conducted. Both a 3x3 nozzle array and a 4x4 nozzle array were fabricated and their thrust characteristics were evaluated. In addition, a preliminary study of thrust characteristics of the micro nozzle array was performed. Comparing with the thrust performance of a single-nozzle, thrust performance of the nozzle arrays is to be discussed.
Microfabrication of Micro-Nozzles by Pulsed UV Lasers
In general, high-melting-point materials such as tungsten-alloys are used for conventional arcjet nozzles. Based on recent studies by authors, it was shown that use of insulating materials such as ceramics for the constrictor part was effective in improving thrust performance [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although mechanical properties such as strength and hardness of these materials are superior, they are significantly difficult to machine with conventional mechanical machining techniques. Among these systems, the abrasive machining must be probably the only one option especially for micromachining. However, due to its two-dimensional machining characteristics, its spatial machinability is restricted down to quasi-three-dimensional.
In contrast, it has been reported that utilization of short-pulse lasers can be effective in rapid micromachining of these materials 16) . For this reason, we have developed and been using a laser micromachining system shown in Fig.2 for machining of micro-nozzles [13] [14] [15] [16] . In order to minimize and localize thermal influences such as formation of molten layers and cracks, and to achieve accurate geometries, a short-pulse ultra-violet laser system was utilized. For the UV laser oscillator, a fifth harmonic generation wave of an Nd:YAG laser beam (Fifth-HG, wavelength 213 nm, NEWWAVE RESEARCH, Tempest-10, repetition rate 10 Hz) was utilized. In this system, a combination of nonlinear optical crystals of KTP (KTiOPO 4 , for second harmonic generation, SHG), BBO (β-BaBO 4 , for third harmonic generation, THG) and BBO (for fifth harmonic generation, Fifth-HG) was used for UV generation. The laser pulses were focused with a quartz focusing lens (f = 40 mm) and irradiated onto a workpiece surface in air under atmospheric pressure as shown in Fig.2 . For micromachining of nozzles, a PC-controlled X-Y stage was utilized to scan the focused laser beams, on which a workpiece was attached. With changing feed speed and number of pulse shots which were programmed in the PC, a designed nozzle configuration could be formed. This procedure giving relative scans between the laser beam and the workpiece surface enabled to micromachine any (c) Divergent part: 900 µm 500 µm 900 µm 100 µm three dimensional nozzle structures. The minimum feed speed of the stage was 0.2 µm/sec and the maximum scanning distance is 100 mm in each axis. A scanning electron microscope (SEM, JOEL JSM5410LV) and a laser microscope (KEYENCE, VK-8500) were used for detailed surface inspection. Before micromachining the micro-nozzles with laser beams, laser-machining characteristics of hole-drilling, grooving, and surface machining were investigated. In this investigation, geometrical accuracy and thermal influences such as degrees of molten layer thickness and crack formation, not preferred for higher accuracy and quality of surfaces, were evaluated. 16 ) From these results, it was suggested that shorter wavelength lasers are capable for accurate control of the removing depth and also for reduction and localization of thermal influences. Microscopic photographs of examples of various rectangular micro-nozzles are shown in Fig.4 . In this study, with its superior heat-resisting, electrical-insulating, and low-thermal expansion characteristics, a quartz plate was utilized for the nozzle material. As shown in these images, it is possible to fabricate nozzles with arbitrary length, height and angle of each nozzle element such as throat or divergent part. With this technique, 3x3 and 4x4 micro-nozzle-arrays were also machined. The SEM images of the micro-nozzles are shown in Fig.4 . In this study, (a) a single nozzle, which is identical in size shown in Fig.3 (c) , and (b) nozzle array consisting of 3 x 3 nozzle elements, each of which is identical to the single nozzle shown in (a), were machined and tested. Sizes of the nozzle element, or single nozzle, are 1 mm in total length, 100 µm in throat height and length, 500 µm in exit height. As shown in these images, relatively clear and sharp edges of each nozzle element are formed without cracks and redeposition of debris.
Experimental Setup and Procedure
A sketch of an experimental setup is illustrated in Fig.5(a) . Thrust performance tests were conducted to elucidate effects of nozzle configuration on thrust characteristics for the micro single-nozzle and the novel nozzle array thrusters. For various mass flow rate conditions of nitrogen gas propellant thrusts were measured for both types of the thrusters, and then thrust characteristics were compared. The thrust was monitored with a cantilever-type thrust stand consisting of a cantilever and structural members made of quartz glass to minimize influences of thermal expansion of the structure (Fig.5(b) ). To evaluate the substantial thrust induced from aerodynamic acceleration of the propellant flow through the nozzle, the propellant supplied to the plenum is not heated by any electrical means but kept in a room temperature. Namely, the thrust tests are performed for the cold-gas operation. Typical sizes of the micro nozzles tested in this study are listed in Table 1 . 
Results and Discussion

Comparison of Thrust Performance between Single-Nozzle and Nozzle Arrays
To evaluate the thrust characteristics of the nozzle arrays, the thrust performance of the 3x3 nozzle array is compared with the single-nozzle. The thrusts and mass flows per nozzle, or each nozzle element, of the nozzle array were estimated by dividing each of measured values of thrust and mass flow by number of nozzle elements of the nozzle array. The calculated values of the thrust and specific impulse of each nozzle element for the nozzle array, compared to those of the single nozzle, are plotted in Figs.6 (a) and (b) , respectively, for background pressure of 53 Pa. From the figures, it can be seen that, in this case, the thrust and specific impulse of the each nozzle element with the nozzle array are slightly higher than those of the single-nozzle. Thrust and specific impulse of each nozzle element of the 3x3 nozzle array and single-nozzle for a lower background pressure of 4 Pa are shown in Figs.7 (a) and (b), respectively. In the lower background pressure case, significant increases of the thrust and specific impulse with mass flow can be seen in the nozzle array case. In a larger mass flow case of 1.0 mg/sec, thrust and specific impulse of the single-nozzle are 0.5 mN and 45 sec, respectively. While in the nozzle array case, higher values of those due to the multi-jet effect 18 can be obtained, which are 0.7 mN and 73 sec.
In the next step, to further enhance the multi-nozzle effect, we manufactured a 4 x 4 nozzle array. The values of thrust and specific impulse per nozzle number are plotted in Figs.8 (a) and (b) , respectively, for a background pressure of 4 Pa. Note that two kinds of the nozzle length (l=1 mm and l=0.5 mm) were used and the results were plotted in Figs.8. It is noticed that the thrust performance is lowered when the nozzle length was decreased; this is because of the reduction of the expansion region for acceleration. In Figs.8 (a) and (b) , if the nozzle length becomes the half (l=0.5 mm), thrust of the 3 x 3 nozzle array is reduced by 30%. However, the thrust of the 4 x 4 nozzle array with 0.5-mm nozzle-length was higher than that of the 3 x 3 nozzle array with 1-mm nozzle-length. For a larger mass flow rate of 1.0 mg/sec, thrust and specific impulse of the 3 x 3 nozzle array are 0.56 mN and 56 sec, respectively. While in the 4 x 4 nozzle array case, higher values of thrust and specific impulse can be obtained, which are 0.64 mN and 62 sec, respectively. It is hence becomes clear that the 4 x 4 nozzle array is more effective than the 3 x 3 nozzle array.
Comparison of Thrust Performance Nozzle arrays for Different Nozzle-Separations
In this subsection, the influence of nozzle-separations (g) between nozzle elements of the array nozzle on the thrust performance were examined. For comparison, array nozzles with the nozzle separations of g = 10 µm, 50 µm, and 100 µm were prepared by laser micromachining. Variations of thrust and specific impulse with propellant mass flow rate for various nozzle separations are shown in Figs.9 and 10, respectively. It is shown in Fig.9 that at mass flow rate of 1 mg/sec thrusts are 0.4 mN for g = 100 µm, 0.52 mN for g = 50 µm, and 0.52 mN for g = 10 µm, respectively.
From these results, higher thrust values can be obtained with smaller nozzle-separations.
Conclusion
Microfabrication of micro-nozzle-arrays with ultra-violet lasers and its thrust performance tests were conducted. Both 3x3 and 4x4 nozzle-arrays were fabricated and for each nozzle array, relatively clear and sharp edges of each nozzle element was successfully formed without cracks and redeposition of debris.
To evaluate thrust characteristics of the nozzle arrays, the thrust performances of the nozzle arrays was compared with a single-nozzle in the case of nitrogen cold gas jet. It was shown that the thrust and specific impulse of the each nozzle element with the nozzle array were higher than those of the single-nozzle due to the multi-jet effect. In particular, for a lower background pressure of 4 Pa, significant increases of the thrust and specific impulse were obtained with an increasing mass flow rate in the case of nozzle array case. Among the comparison between the single nozzle, the 3x3-and the 4x4-multi-nozzle arrays, the 4x4 nozzle array showed the best thrust performance. The influence of nozzle-separations between nozzle elements of the array nozzle on the thrust performance were examined in the case of nitrogen cold gas jet. From these results, higher thrust values can be obtained with smaller nozzle-separations. This tendency appears more remarkably increasing flowing quantity. The result showed the effectiveness of the multi-nozzle array as a way to enhance the thrust and specific impulse of the micro-nozzles.
